The matrix of glyoxysomes from endosperm of castor bean (Ricinus communis cv Hale) seedlings has been analyzed for the presence of glycosylated proteins. Glyoxysome preparations were monitored for organelle homogeneity by electron microscopy and enzyme marker activities. Glyoxysomes were essentially free of endoplasmic reticulum, mitochondria, and protein bodies. At least eight glyoxysomal matrix glycopeptides ranging in size from 39 to 160 kilodaltons were identified by their affinity for concanavalin A. The glyoxysomal glycoproteins were shown to be radioactively labeled when endosperm was allowed to incorporate glucosamine. Incorporation of glucosamine was inhibited by tunicamycin under conditions which did not inhibit protein synthesis. Hydrolysis of glyoxysomal extracts and subsequent analysis by paper chromatography showed that the labeled precursor was incorporated into the glycoprotein without prior dispersion of the label into amino acids. The present data demonstrate the occurrence of N-linked, high mannose oligosaccharides on polypeptides of the glyoxysomal matrix. This finding is discussed in relation to pathways of protein maturation and transport during glyoxysomal biogenesis.
In castor bean endosperm, as in the storage tissues of other oil seeds, the onset of imbibition initiates a complex pattern of protein synthesis, membrane assembly, and organelle proliferation. In these tissues a prominent and essential feature of seedling growth is the biogenesis of glyoxysomes and the synthesis of glyoxysomal enzymes. Imbibition is known to trigger transcription and accumulation of mRNAs specific for glyoxysomal enzymes, e.g. isocitrate lyase (31) . Isocitrate lyase is synthesized on nonmembrane bound polysomes (39) as are other glyoxysomal enzymes (14, 23) .
The detailed features of the subcellular pathway of the glyoxysomal proteins from their site of synthesis on free polysomes to their eventual sequestration in the mature glyoxysome are not completely understood. There are currently two models proposed for intracellular transport of the glyoxysomal matrix proteins. The first of these, developed primarily from work on cucurbit cotyledons, suggests that the path of proteins from the cytosol involves an oligomeric precursor pool (23, 24) . Proteins are then thought to be sequestered into preformed glyoxysomes (22) . The second hypothesis, based almost entirely on work on castor bean endosperm, suggests that the ER serves as staging area for accretion and possible modification of glyoxysomal matrix enzymes; vesiculation of specialized ER domains then leads, eventually, to mature glyoxysomes (2) .
Various lines of evidence support the conclusion that the 'Supported by National Science Foundation PCM 82-04539.
Los Angeles, Los Angeles, California 90024 glyoxysomal membrane is derived from the ER in castor bean (reviewed in Beevers [2] ). The role of the ER as a staging site for glyoxysomal matrix proteins, however, is still under debate (40) .
Although it has been shown that enzymes unique to the glyoxysome are associated with the ER at times of rapid glyoxysomal proliferation (15-17, 21, 26) , there has been no convincing demonstration of direct participation of the ER in the posttranslational processing ofglyoxysomal proteins. One type of processing known to occur in ER of endosperm is glycosylation. The present study surveys the entire complement of glyoxysomal matrix proteins for the presence ofglycoproteins. Evidence is presented that demonstrates the existence of a number of glycoproteins in the glyoxysomal matrix.
MATERIALS AND METHODS
Tissue Preparation. Seeds of castor bean (Ricinus communis, cv Hale) were planted in vermiculite as described previously (17) . Two-d germinated seedlings wvere treated with 100 .M GA3 (13) for 12 to 16 h prior to exposure to radioactive label. Tissue (8-10 endosperm halves) was minced with a razor blade in 4 ml of grinding medium consisting of 20% (w/w) sucrose; 100 mm Tricine (pH 7.5); 10 mM KCI; I mm EDTA; and 2 mM MgC12. The homogenate was filtered through Miracloth as described (13 Ag/ml phenylmethylsulfonylfluoride), mixed vigourously and subjected to centrifugation (7,000g for 10 min) to remove particulate material. Antigens were precipitated using Protein A-Sepharose (Pharmacia) and 7 jl of immune gamma globulin.
Acrylamide Gels and Fluorography. Polyacrylamide slab gels (10%) containing 0.05% SDS were cast as described (25) . Electrophoresis was carried out under reducing conditions generally for 1.5 h at 0.3 mamp/cm followed by 4 h at 1.0 mamp/cm. Gels were prepared for fluorography as described (4) . Dried gels were applied to Kodak XRP-5 x-ray film and stored at -70°C Lectin lodination and Glycoprotein Analysis. Con A2 (Sigma) was iodinated as described (29) . Lectin overlay of protein blots was carried out essentially as described by Burridge (6). The nitrocellulose blot was exposed to a solution containing 3% BSA, 10 mm Tris (pH 7.4), 0.9% NaCl, 0.5 mM CaCl2, and 0.5 mM MnCl2 for I h at 40°C. The blot was rinsed in distilled H20, placed in a heat seal bag, and allowed to react with a ['25I]Con A solution containing approximately 106 cpm/ml per 30 cm2 of nitrocellulose and 0.3% BSA, buffer, and salts as above. Incubation was at 30°C for 18 h with gentle shaking. After rinsing in the buffer and salts solution, the nitrocellulose paper was blotted to remove excess moisture, covered with plastic wrap, and placed on x-ray film for autoradiography for intervals ranging from 3 to 5 d.
Electron Microscopy. Gradient fractions containing glyoxysomes were pooled. Glutaraldehyde in 50% (w/w) sucrose was added to make 2% glutaraldehyde and the organelles fixed for 62 h at 5°C. Fixed glyoxysomes were diluted to 38% (w/w) sucrose, sedimented, and washed in 50 mm K-phosphate (pH 7.5) containing 50% (w/w) sucrose. Pellets were postfixed in 1% OS04 and 50% sucrose in 50 mM K-phosphate (pH 7.5) for 90 min at 5°C. Samples were washed in buffer and embedded in agar. After dehydration in ethanol the pellets were embedded in Medcast plastic (Pellco).
RESULTS
Isolation of Glyoxysomes. Linear sucrose gradients have been used repeatedly to isolate intact and nearly homogenous populations of organelles from castor bean endosperm (2, 3, 5, 8, 13-18, 21, 26, 30, 32, 34, 37) . The procedures described in this paper are only minimally changed from those used by Huang and Beevers (20) and Donaldson and Beevers (9) who have shown by marker enzyme analyses and electron microscopy that recovered glyoxysomes were nearly free of contamination by other membranous organelles. In more recent studies, using methods nearly identical to those reported here, E. Gonzmiez et al. (unpublished data) and T. K. Fang and R. P. Donaldson (unpublished data) have shown that ER preparations contained only 1.6% of the glyoxysomal isocitrate lyase specific activity and 3.4% of the mitochondrial Cyt c oxidase specific activity. Similarly, glyoxysomal preparations contained 5.4% of the phosphorylcholineglyceride transferase (ER marker) and 1.5% of the mitochondrial Cyt c oxidase specific activity.
Electron microscopy of organelles in gradient fractions revealed a degree of homogeneity consistent with findings based on enzyme marker analyses (Fig. 1) . Electron micrographs taken at random from sections of glyoxysomal pellets (two separate preparations) were examined for the presence of mitochondria or other membranous organelles. Based on actual count of organelle profiles, 5% could be identified as mitochondria, and 3% as other (probably proplastids). Thus, at most, glyoxysomal preparations are contaminated by 5% mitochondria, 5% ER, and 3% proplastids.
Matrix Protein Affinity for Concanavalin A. Matrix proteins were released, by osmotic shock in 0.2 M KCI, from the glyoxysomal membrane and subjected to SDS-PAGE. The polypeptide bands were electroblotted from the gel onto nitrocellulose membranes. The polypeptides in the western blot were examined for affinity for Con A in the presence or absence of a-methylglucoside (Fig. 2) . A least eight of the polypeptides in the resultant western blot reacted with ['25I]Con A in a specific manner, as judged by a-methylglucoside competition. The glycoproteins identified ranged in mol wt from 39 to 160 kD.
Additional experiments were conducted to explore the possibility of contamination by protein body glycoproteins. Although protein bodies have densities similar to glyoxysomes (1.24 g/cc), they do not survive the homogenization and fractionation conditions used in these studies. In fact, intact protein bodies were not observed in electron micrographs of the glyoxysome preparation (Fig. 1) . Nevertheless, the possibility of contamination by protein body components was explored further. Since approximately 10% of protein body protein is ricin, a galactose-binding lectin, contamination by protein body components would also have led to detectable amounts ofricin in the glyoxysomal matrix preparation. To test this possibility, lactose-agarose beads were added to a portion of the glyoxysomal matrix preparation under conditions that favor ricin binding (SM Harley, personal communication). Proteins which did not bind to lac-agarose were subjected to SDS-PAGE, western blotting, and Con A. Exposure to lactose-agarose did not reduce the number of polypeptides capable of binding Con A (cf. lanes A and B in Fig. 3) , thereby demonstrating the absence of ricin from the glyoxysomal matrix preparation.
Chicken ovalbumin, a well known high-mannose, N-linked glycosylated protein, was used as a quantitative reference. Known amounts of ovalbumin were spotted on the nitrocellulose membrane prior to processing with ['25I]Con A. In comparison to the Con A binding affinity of the known amount of ovalbumin, the relative intensity of ['25I]Con A binding to polypeptides in the glyoxysomal track suggested that the glyoxysomal proteins accounted for less than 10% of the protein in the sample (100 ,g were loaded on each track) (Fig. 3) .
Incorporation of Glucosamine and N-Acetylglucosamine. Endosperm halves from 2 processed for acrylamide gels and fluorography. Results showed 8 to 10 polypeptides were labeled by glucosamine (Fig. 4) .
Hydrolysis of isolated glyoxysomes labeled by [3HJGlcNAc was carried out to determine the fate of the label. The results indicated that the label in the glycoprotein hydrolysate remained in a discrete component which co-migrated with authentic standard (data not shown). To determine whether N-GlcNAc was incorporated into an Nlinked oligosaccharide, labeling was carried out in the presence or absence of tunicamycin, a well characterized inhibitor of dolichol-mediated N-linked glycosylation (19 Glyoxysomal Polypeptides in ER Vesicles. Since glycosylation takes place in the ER it was of interest to determine whether polypeptides comparable to those in the glyoxysomal matrix were detectable in ER vesicles. Polypeptides from ER vesicles and glyoxysomal matrix which had been labeled in vivo by [35S] methionine were immunoprecipitated with antiserum to glyoxysomal matrix proteins (Fig. 6) . Comparison of polypeptides in ER vesicles (lane B) with the corresponding glyoxysomal preparation (lanes A and C) demonstrated that ER vesicles contained a large number of polypeptides which crossreacted with the antiglyoxysomal matrix proteins antibody.
DISCUSSION
The occurrence of glycoproteins in the matrix of glyoxysomes only minimally contaminated with extraneous organelles has been demonstrated. At least eight glycoproteins ranging in size from 39 to 160 kD were found. Incorporation of N-acetylglucosamine into. matrix proteins, inhibition of this process by tunicamycin, and the affinity of the polypeptides for Con A all indicate that these glycoproteins are N-linked, mannose-containing glyco-conjugates.
Previous efforts to detect glycoproteins in the glyoxysomal matrix have involved searches for protein-conjugated oligosaccharides (a) on specific, purified enzymes (10, 28, 32, 38) , and (b) more generally, among components of glyoxysomal extracts (3, 32, 33) . Malate synthase of castor bean was initially thought to be glycosylated (32) . However, subsequent analyses led to the opposite conclusion (28) . Isocitrate lyase from cucurbits has been analyzed by various means which have also resulted in conflicting reports of the presence of carbohydrate substituents (1, 10, 38) .
Bergner and Tanner (3) examined isolated glyoxysomes after incorporation of -[ 1-4C]glucosamine (57 Ci/mol). These workers were able to show incorporation of label into the membrane fraction but not into the matrix components. While these results are at variance with those reported in this paper, differences in experimental design could provide an explanation for the conflicting data. For example, the tissue used in these experiments (Fig. 4) was labeled for 9 h with D_[U-14C]glucosamine of high specific activity (277 Ci/mol). Another important difference involves the procedure for separation of membrane and matrix proteins. Bergner and Tanner diluted glyoxysomes to 12.5 mM Tricine buffer (pH 7.5) (cf to 0.2 M KCI, see "Materials and Methods") which they indicated, yielded approximately 50% of the organelle protein in the membrane fraction. This suggests that a good portion of the matrix and peripheral components (considered as matrix in this paper), including the glycoproteins, in their preparation remained with the membrane.
Localization of glycoproteins in the glyoxysomal matrix provides an explanation for the presence, during early germination, of substantial proportions of glyoxysomal proteins in the ER (15) (16) (17) 21) . Since the capacity for core glycosylation is confined to the ER in castor bean endosperm (30, (34) (35) (36) (37) , it follows that the glyoxysomal glycoproteins must be routed through the ER. This point is important in that it provides insight into the path of the glyoxysomal proteins from site of synthesis to final destination. A complete understanding of the path of protein transport is necessary if we are to deduce the signals which direct protein traffic into specific organelles. The model depicted in Figure 7 takes into account several important facts: (a) that synthesis of glyoxysomal enzymes takes place on nonmembrane bound polysomes (39) (Fig. 2) A transit peptide has been described for glyoxysomal malate dehydrogenase (1 1). According to recent studies, this sequence appears to be important in effecting proper translocation of the enzyme across the glyoxysomal membrane (18) . If confirmed, this finding would indicate that the transit peptidase is intrinsic to the glyoxysomal membrane. It would be of great interest to determine whether recognition of the transit peptide depends on conserved sequences also present on other glyoxysomal enzymes.
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